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The placement of Metazoan species into correct clades has become of
prime concern to the study of evolutionary development, since the most recent
phylogeny of Metazoans indicates embryological divergence. Genetic regulatory
networks have been extensively described for some species but not for others.
This study examines possible divergence of bilaterians at the protostomedeuterostome divide by examining dorsoventral patterning genes. A specific
maternally active gene, dorsal/rela, the final element in the maternal pathway,
was found to be a driving force behind this divergence and was co-opted from
genes already existing in the Metazoan ancestor.
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CHAPTER I
INTRODUCTION
Evolution of Bilaterian Animals
The Bilaterian animals are divided into two major clades: deuterostomia and
protostomia (Sanetra et al., 2005) (Figure 1). These are largely divided based on
molecular data (18s small sub-unit RNA). However, traditionally the two clades have
represented basic differences in developmental phenotypes and embryological features:
protostomia (or “first mouth”) is a clade of animals in which the first embryonic opening
(blastopore) becomes the mouth, while in deuterostomia the blastopore becomes the anus
and a second opening becomes the mouth. While there are other differences
embryologically and physiologically, this has been the standard definition of the two
clades.
The Protostomia is further divided into two monophyletic groups:
Lophotrochozoa and Ecdysozoa. This split has added further questions regarding which
classical embryological features should be used to identify the clade into which
Bilaterians should be placed, since the blastopore of ecdysozoans is not usually retained,
and the lophotrochozoans are considered to be highly derived protostomes (Halanych,
2004). There are also problematic phyla (such as Chaetognatha and Conodonts) that are
unresolved or are considered to be “in-between” the two groups, (Arthur, 1997). These
1

phyla have not been researched to an extent to be useful in determining branching of the
metazoans at the protostome-deuterostome divide.

Regulatory and Genetic Models
Among animal phyla, body plans have increased in developmental and
morphological diversity through time, although there has been no major phylum-level
evolution since the Cambrian (Davidson and Erwin, 2006). The basic internal structure
and properties of genetic regulatory networks (GRNs) may have been established in such
a way that they apparently cannot be successfully disassembled evolutionarily, only
added to.
The increase in body plan diversity across animal phyla is not reflected in the
genomes of these groups, since a similar dramatic increase in gene composition and
variability is not demonstrated (Sanetra et al., 2005). Such conservation of genomic
regions suggests that new evolutionary trajectories may arise more often through changes
in gene regulation and the inclusion of novel genes into already existing regulatory genes
(co-option) rather than through adaptive processes in the coding sections of genes
(Sanetra et al., 2005). These novel genes may result in functional changes to the genetic
network. Because many developmental genes have pleiotropic functions, any changes in
their resulting protein sequences might also have a negative effect. Therefore, most
changes in developmental genes begin with gene duplications (Sanetra et al., 2005).
Genes may gain new functions simply by chance or recombinations in their cis-regulatory
modules. Also, expression changes in upstream transcription factors may activate target
genes in new domains (Figure 2).
2

Before the recent prolific study of molecular genetics, observations in the
differences of Bilaterians led to the idea that the divergence of protostomes and
deuterostomes was a result of natural selection on the inversion of the dorsoventral axis.
This was first presented by a French naturalist, E. Geoffroy Saint-Hilaire, in 1822, over
thirty years before Darwin. He proposed that the ventral side of arthropods (protostomes)
was homologous to the dorsal side of vertebrates (deuterostomes). Today, the resurgence
of molecular genetics has led to new studies regarding homology between the two clades.
Recent molecular studies have revealed that the development of animal body
plans is operated primarily by large cis-regulatory DNA modules controlling gene
expressions that encode transcription factors at specific times and places within the
embryo using signal transduction and feedback loops. Dorsoventral patterning is
controlled by a cascade of almost 60 maternal and zygotic genes in Drosophila
melanogaster, the most studied protostome (Levine and Davidson, 2005).
There are two signaling pathways during oogenesis of Drosophila. The first
pathway is initiated by Gurken1, a member of the transforming growth factor-α ligand
family, secreted by the ovary, which forms a gradient of the epidermal growth factor
receptor (EGFR) to induce the dorsoventral polarity of the egg and the embryo (Roth,
2003). From this maternal pathway, the second pathway (the ‘dorsal’ group of at least 12
genes) induces the dorsoventral polarity of the embryo only (Sergeev et al., 2001). The
transcription of the maternal pipe gene in the ventral follicle cells is the cue that cleaves
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the ligand SPATZLE (spz) which activates the toll pathway. Toll, along with cactus,
allows DORSAL to be transported from the cytoplasm to the nuclei as a gradient within
the syncytial embryo. High levels of DORSAL activate the ventralizing zygotic genes,
short gastrulation (sog) and snail; whereas, the absence of DORSAL, while bound to
cactus in the cytoplasm, activates the dorsalizing gene decapentaplegic (dpp)
(Figure 3).
In deuterostomes, transcription of the genes heparin sulfate 2-sulfotransferase
(hs2st) (homologous to pipe) (Sergeev et al., 2001), and toll-like receptor 4 (TLR4
homologous to toll) are the maternal cues for a bone morphogenic protein (BMP)
gradient (homologous to the Dorsal gradient). One of the most studied deuterostomes is
the zebrafish, Danio rerio (Little and Mullins, 2006). High levels of BMP (homologous
to DORSAL) induce the ventralizing genes of bmp2/4/7, tolloid, cv-2, and szl, while the
absence of BMP induces the dorsalizing genes of chordin, noggin, and ADMP (De
Robertis, 2006; Ferguson, 1996). Although a complete diagram of the genetic regulatory
network (GRN) for a model deuterostome has not yet been determined, there are several
other genes found to be at work in their dorsoventral patterning, such as pou2 (Reim and
Brand, 2006), Serpin-27 (Rushlow, 2004), and gsc and vox (Schmidt et al, 1996), all of
which have homologues in protostomes (Figures 3 and 4).
Studies with Xenopus have shown the functional significance of homology in the
protostome and deuterostome GRNs. In Drosophila, the zygotic genes dpp and sog
(short gastrulation) have dorsalizing and ventralizing effects, while their respective
vertebrate homologues, bmp4 and chordin have ventralizing and dorsalizing effects,
4

respectively. However, when Holley et al. (1995) studied their effects on Xenopus, dpp
and sog had opposite effects (ventralizing and dorsalizing, respectively). This suggests
that selection for inverted dorsoventral patterning may have occurred in the maternal
genes upstream from dpp/bmp4 and sog/chordin.

Evolution of Cnidarians
Developmental GRNs have also been implicated in the more basal Cnidarians,
which are diploblastic animals with radial symmetry around an oral-aboral axis.
Hayward et al. (2002) found many of the dorsoventral patterning genes of vertebrates in
Cnidarians. In the coral, Acropora millepora, they found an asymmetric expression of
BMP 2/4 associated with the blastopore during embryonic development, implying that the
cnidarian body axis has an evolutionary homology to the dorsoventral axis of higher
animals. Several authors have also suggested that Anthozoans may have been bilateral
animals at some point in their history (Hayward et al., 2002). Samuel et al. (2001)
suggest that the role for the dpp/bmp4 pathway in Cnidarians is likely associated with the
patterning of neural epithelia. However, even if these genes play a role other than axisformation, their expression could have at least been a basis from which a dpp/bmpdependent axis could have evolved from a radiate animal. Also, the TGF-β
(Transforming Growth Factor) signaling role of this superfamily of dorsoventral
patterning genes found in Cnidarians has no known function other than to inhibit TGF-β
signaling. This is the same role as noggin and chordin in deuterostomes. These genes
were also found to occur before the neural patterning in the organisms studied (Matus et
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al., 2006b) suggesting their main role is in dorsoventral patterning. Rentzsch et al. (2006)
also found gradients of DPP and BMP along with CHORDIN proteins in a sea anemone
along its oral-aboral axis and suggest that they reflect an ancestral pre-bilaterian state
between radial and bilateral animals. Matus et al. (2006a) suggested that the
conservation of dpp, chordin, and tolloid genes function to establish germ-layer identity
in Cnidarians rather than dorsoventral axis identity.
In another study by Matus et al. (2006b), the observation of asymmetric
expression of chordin, noggin, gsc, dpp and other developmental genes along the
directive axis in Cnidarians suggests that the ancestor of Cnidarians was bilaterally
symmetrical with dorsoventral polarity along the directive axis or that genes were coopted for dorsoventral patterning. Rentzsch et al. (2007) proposed that bmp/chordin and
wnt/dkk signaling systems in Hydra represent an ancient blastoporal signaling area
homologous to the organizer in vertebrates. They further suggest that the two axes of
Bilaterians evolved molecularly by the splitting of one axis, defined by bmp/chordin and
wnt/dkk in Cnidarians, into two rather than adding another axis. Thus, according to their
experiment, the bmp/chordin genes evolved to regulate dorsoventral axis formation and
the wnt/dkk genes remained the regulatory component for anterior-posterior axis
formation. Regardless, the expression of developmental regulatory genes that
Bilaterians use for dorsoventral patterning has been established in Metazoans ancestral to
the Bilateria.
Matus et al. (2006b) performed experiments whereby noggin from a sea anemone
(a Cnidarian) was expressed in Xenopus (a vertebrate deuterostome) with the same
ventralizing effect. They also showed that a number of genes, such as Gbx, are
6

associated with anterior expression in Bilaterian animals. The conclusion can be made
that not only is the dorsoventral axis of Bilaterians found in the directive axis of
Cnidarians, but also the mouth/anus of Cnidarians is homologous to the anterior end of
Bilaterians (Matus et al., 2006b). A study by Putnam et al. (2007) of the whole genome
of a sea anemone as well as a wide array of genes from many Bilaterians show the
presence of essentially complete developmental signal pathways in the gene sets of
Cnidarians and Bilaterians. This suggests that the basis for axis formation was present in
the eumetazoan ancestor. Roth (2003) also states that gurken, a member of the TGF-α
superfamily of ligands located in the anterior-dorsal area of the egg, and egfr not only
signal dorsoventral patterning but also encode the establishment of the anterior-posterior
axis and is a requirement for later stage dorsoventral axis formation. Further experiments
have shown that homologues of goosecoid, brachyury and fork-head, genes expressed
along the blastopore at the anterior-posterior margins of Bilaterians, are also found in
Cnidarians around the mouth (Malakhov, 2004). The evolution of these pathways may
have occurred through the co-option of novel cytoplasmic signaling cues.
Significance of Research
Recovering information about mechanisms of ancient evolutionary events is
difficult because of the passage of time and the fact that these events are only manifested
in macroevolutionary patterns in the present. This study will test several evolutionary
hypotheses related to events occurring over six hundred million years ago by examining
signatures of those events that persist in the genomes of extant organisms.
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This project will provide an understanding of how genetic regulatory networks,
especially from the perspective of developmental biology, initiate microevolutionary
events that have long-lasting macroevolutionary implications for the future of various
lineages. Examining these networks exposes the underlying processes that produce
complexity and can provide for the development of new models that can be tested,
especially with regard to deuterostome genetic networks. This study reveals that this is
only the beginning of our understanding of the Eumetazoan ancestor and the evolution of
axis-patterning genes.

Hypotheses and Objectives

I. Research Hypotheses:
General research hypotheses include:
1. Protostome-Deuterostome divergence is due to positive natural selection on the
genetic regulatory networks controlling axis development.
2. The basic structure for axis patterning in Bilaterians evolved from the directive
axis patterning genes of Cnidarians.
3. The lineages of Protostomes and Deuterostomes are undergoing different selection
pressures.
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II. Research Objectives:
General research objectives include:
1. Provide a comparison of homologous Protostome and Deuterostome dorsoventral
axis-forming genes along with Cnidarian genes using various analyses to
determine if positive selection is occurring.
2. Identify and compare the lineages under selection.
3. Determine which codon sites may be under selection.
4. Identify the evolutionary history of axis-patterning genes.

9

CHAPTER II
MATERIALS AND METHODS
Preparing the Database
Sequences of homologous dorsoventral patterning genes from protostomes,
deuterostomes, and Cnidarians (Table 1) were obtained from Genbank at National Center
for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov), Flybase
(http://www.flybase.org) and the European Molecular Biology Laboratory (EMBL-Bank)
(http://www.ebi.ac.uk/embl). The genes were selected based on literature reviews
concerning their significance in the process of embryological development, especially
relating to genes important in the very early signaling cascades, and on their sequence
availability in an appropriate set of species. Sequences that were less than one-half the
length of the next shortest sequence or that were twice as large as the next largest
sequence were removed as well as those with a large expanse of ambiguous data. All
efforts were made to use complete, annotated sequences rather than partial sequences.
A smaller array of anterior-posterior patterning genes found in protostomes,
deuterostomes and Cnidarians, bicoid, brachyury and fork-head, were gathered as well,
since the relationship of the Cnidarians to axes development processes was also included
in the analyses.
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Many developmental gene sequences were available for many vertebrate genera
in the deuterostome lineage, such as Mus, Gallus, Danio, Xenopus and Homo. Less
studied deuterostomes, such as Urochordata, Hemichordata, Cephalochordata and
Echinodermata, were also included when possible. Similarly, sequences from
protostomes such as Platyhelminthes, Annelida, Nematoda and Mollusca were also
included when possible along with the most often studied Insecta lineage which includes
many species of Drosophila, Aedes and Anopheles. Cnidarians included were
Hydrozoans and Anthozoans. Partial and predicted sequences were only used if deemed
advantageous to the analyses by review of the phylogenetic analysis.

Alignment of the Sequences
Sequences obtained (Table 2) were aligned using Data Analysis in Molecular
Biology and Evolution (DAMBE) (Xia, 2000). Missing data were coded as “?”. First the
protein-coding sequences were translated into amino acid sequences, and a multiple
sequence alignment was performed using ClustalW with gap open penalty of 10, gap
extension penalty of 0.1 and delay divergent sequences of 30, keeping the original
sequence order. Then the original nucleotide sequences were realigned against the amino
acid sequence alignment in the buffer. This type of alignment takes into account codon,
nucleotide and amino acid frequencies. Phylogenetic analyses using DAMBE were
performed. DAMBE utilizes Felsenstein’s Maximum Parsimony and Maximum
Likelihood, as well as Neighbor-Joining. Alignments and tree searches were used
recurrently to produce optimal alignments that fit with previous phylogenetic analyses of
the relevant groups.
11

Analyses for Detecting Evolution
Three different analyses were performed that detect evolutionary patterns: the
basic dn/ds ratio, the McDonald-Kreitman test, and Yang’s Branch and Site Models using
PAML. By comparing the results from all of these tests, a clearer picture emerges.

I.

Nonsynonymous/Synonymous Ratio:
The basic dn/ds ratio (Miyata et al., 1980), also known as omega (ω), detects

selection intensity at the amino acid or codon level by comparing nonsynonymous and
synonymous substitutions. If the proportion of synonymous substitutions is greater than
the proportion of nonsynonymous substitutions (i.e.: the ratio is less than one), purifying
selection is indicated. A dn/ds ratio greater than one indicates positive selection, and a
ratio equal to one indicates that the gene is evolving neutrally. Nonsynonymous
substitutions and synonymous substitutions along with standard deviations with 500
bootstrap replicates were obtained for (1) Cnidarian and. Bilaterians, (2) Protostomes and
Deuterostomes, (3) Protostomes alone and (4) Deuterostomes alone in Molecular
Evolution and Genetic Analysis (MEGA 4.0.1) (Table 3) (Tamura et al., 2007). Overall
means of nonsynonymous and synonymous substitutions using the Modified NeiGojobori (Jukes-Cantor) Model with complete deletion of gaps and missing data were
obtained. Dn/ds ratios were calculated for the four divisions within each gene set.
MEGA was also used to test the null hypothesis of neutrality. The Z-test was performed
on each gene set for the four divisions using the same model as previously used for
overall means. Each Z statistic has a corresponding p-value to determine its significance.
12

The Jukes-Cantor model of nucleotide substitutions was incorporated into the Z-test of
neutral evolution in order to determine significance. This model assumes nucleotide
substitution occurs at any site under equal frequency and was computed with a bootstrap
of 500 replicates. Using the Bonferroni correction (Rice, 1989), the p-value cutoff for
significance used was 0.0001.

II. McDonald-Kreitman Test:
The McDonald-Kreitman test (1991) is a ratio, based on the dn/ds ratio, which
partitions fixed and polymorphic substitutions between species or clades. If the fixed
dn/ds ratio is greater than the polymorphic dn/ds ratio, then selective fixation of adaptive,
advantageous mutations is indicated, whereas, the reverse indicates stabilizing selection,
which would inhibit species from diverging. This test is expressed as a Neutrality Index
(Rand and Kann, 1996), which provides an indication of direction and degree of
divergence of amino acid variation. The ratio of polymorphic replacements to fixed
replacements is compared to the ratio of polymorphic silent sites to fixed silent sites. A
value of greater than one indicates an excess of amino acid evolution within species,
while a value of less than one indicates an excess of amino acid evolution between
species or positive selection.
DnaSP (Rozas et al., 2003) is a software package used to analyze DNA
polymorphism data using coalescent-based methods for detecting positive selection. The
latest version, DnaSP 4.20.2, allows for conducting most of the latest tests developed as
well as linkage disequilibrium statistics. DnaSP was used to obtain the Neutrality Index
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along with its test of significance (the Fisher Exact test), the Goodness of Fit score along
with its p-value, GC content at the 3rd position of each codon, and disequilibrium
statistics (Zns) (Kelly, 1997; Rozas 35 al., 2001). All statistics were obtained for
Cnidarians vs. Bilaterians as well as Protostomes vs. Deuterostomes (Tables 4 and 5).

III. Yang’s Branch and Site Model tests:
Branch and Site Models using Phylogenetic Analysis by Maximum Likelihood
(PAML), version 4 (Yang, 2007) were used to determine if the protostome and
deuterostome branches had different dn/ds ratios in their lineages. Site Model tests were
also performed to determine which codon sites were undergoing positive selection using
the Bayesian empirical Bayes (BEB) procedure. The branch models used were Models A
through E as shown in PAML’s “examples” folder for the small dataset of lysozyme
analyses (Yang, 1998; Yang and Nielsen, 2002; Zhang et al., 2005) (Table 6). These
models allow for different branches undergoing different selection pressures or
constraints and utilize the Jukes-Cantor model of nucleotide substitution. Model A
assumes all branches have the same dn/ds ratio, Models B, C and D assume that one
branch has a different dn/ds ratio from that of the other branches and Model E assumes
that each of the three branches analyzed has a different dn/ds ratio. Models were then
compared using the Likelihood Ratio Statistics (2Λl), which compares the log likelihood
between two models, to determine which model best fits the data for each sequence set.
Significance for model comparisons was set at 0.01 using Chi Square statistics for
degrees of freedom = 2, corresponding to 3 branches in the three ratio model plus one in
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the one ratio model minus 2. The site model used to view the BEB results for positivelyselected codons was NS=2 using Models B and C.

Gene Trees
The dorsoventral axis-patterning genes determined by PAML to be undergoing
some type of selection (dorsal/rela, Toll/TLR4, dpp/bmp4, snail, and sog/chordin) were
aligned in DAMBE (Xia, 2000) as stated above. Maximum Parsimony trees were
obtained with bootstrap values for 1000 replicates (Figures 5, 6 and 7).

Overcoming Biases
In molecular analyses, multiple substitutions over evolutionary time must be
taken into account. Natural selection and genetic drift may not be distinguishable over
long generation times, and genes may be linked to other genes on different chromosomes.
Tests for selection must take these and other factors into account without making too
many assumptions. Also, many statistical tests may not be powerful enough to detect
selection in a gene that is surrounded by areas under purifying or neutral selective
pressures. The following are potential biases recognized for the analyses performed and
the ways in which these biases were limited:

I. GC richness/mutation artifacts:

Since the GC content of a gene is directly proportional to gene coding region
length, more recent organisms on the phylogenetic tree are biased to have a higher GC
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content. DAMBE and PAML use weight matrices to take into account nucleotide and
amino acid frequencies to overcome the inherent GC richness of coding genes.

II. Genetic hitchhiking/linkage:

Genes can be inadvertently selected by being closely linked to genes that are
selected for by virtue of their beneficial nature. Although it would be assumed that many
of the axis-determining genes may be located on the same chromosome, evidence of
extensive genetic hitchhiking/linkage may be determined by comparing the dn/ds ratios
of genes on the same chromosomes. Genbank and EMBL provide the chromosome
number as well as nearby genes that can be used for this analysis.

III. Selective sweeps:

Extensive genetic linkage can result in the reduction of variation among
nucleotides in neighboring DNA of a mutation, whereby mildly deleterious or neutral
genes in a growing population can become fixed. The DnaSP program provides tests for
linkage disequilibrium.

IV. Long-branch attraction:

The phenomenon of rapidly evolving lineages mistakenly thought to be closely
related by synapomorphy are overcome by using methods (DAMBE and Yang’s
Maximum likelihood) that incorporate differential rates of substitution among lineages
and by including taxa that are related but more slowly evolving (such as Cnidarians and
slower evolving protostomes) (Delsuc et al., 2006; Bergsten, 2005).
16

CHAPTER III
RESULTS

Nonsynonymous/Synonymous Ratios
In the modified Nei-Gojobori method (1986), dn (the number of nonsynonymous
substitutions per nonsynonymous site) and ds (the number of synonymous substitutions
per synonymous site) are computed with the assumption of random nucleotide
substitutions for the four nucleotides, although transitions (purine to purine or pyrimidine
to pyrimidine) are usually more frequent than transversions (purine to/from pyrimidine).
Since transitional changes at the 3rd codon site are usually synonymous, this method may
overestimate synonymous substitutions and underestimate nonsynonymous substitutions,
yielding dn/ds ratios of less than one (Nei and Kumar, 2000). Therefore, most of the
dn/ds ratios observed in this study were conservatively less than one for most gene
sequences (Table 3), and those that were greater than one were not typically significant at
0.0001. Only dorsal/rela (comparing Cnidarians and Bilaterians) and toll/TLR4
(comparing protostomes and deuterostomes) showed any evidence of significant positive
selection (dn/ds > 1.00; p < 0.0001), while the remaining fourteen genes showed either
significant purifying selection (dn/ds < 1.00; p < 0.0001) or could be considered neutral
(dn/ds ≈ 1; NS) (Table 3).
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McDonald-Kreitman Test Results
Neutrality indices (Rand and Kann, 1996) from the McDonald-Kreitman table and
Fisher exact tests of significance were obtained by DnaSP (Tables 4 and 5). All genes
had a neutrality index of less than 1.00 indicating an excess of amino acid substitutions
that are fixed in protostomes or deuterostomes and that do not occur at that site in the
other clade. One exception was gurken, in which there were zero fixed synonymous
differences between species for protostomes vs. deuterostomes and zeros for all four
divisions of the index for Cnidarians vs. Bilaterians. With zeros in the denominator, the
test cannot be performed. With the long history of the species in this study (over 600
million years), a high rate of substitution is expected. Therefore, the McDonaldKreitman test (1991) is likely to pick up on any divergence that may be occurring, even if
only a portion of the gene is under selective pressure.

PAML’s Branch and Site Model Results

I. Branch Models:
Branch models used in PAML (Yang, 2007) (Tables 6 and 7) look at the dn/ds
ratios along each branch and included Model A (one ratio assumed for all branches),
Models B, C, and D (two ratios assuming one branch is different from the other two
branches) or Model E (three ratios assuming each of the three branches are different). A
log likelihood score is given for each model. Twice the difference in the log likelihood
scores (the Likelihood Ratio Test) was compared to the Chi Square to determine if dn/ds
differed among branches. Table 7 shows that when comparing Model A (one ratio) to
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Model E (three ratios), five genes, dorsal/rela, dpp/bmp4, egfr, snail and sog/chordin,
returned significant results (p < 0.05). Dorsal/rela and egfr were significant at p < 0.001.
These results indicate that the three branches have different dn/ds ratios. Further
analyses comparing Model A with Models B, C and D were also performed (Table 7).
These comparisons yielded an additional gene where the dn/ds ratio of at least one branch
was significantly different from that of the other branch(es): toll/tlr4. Table 8 shows the
dn/ds ratios from the various models for the five genes found to be significant. Although
PAML values represent dn/ds values in the context of dn/ds for other branches, the
extremely high numbers given are due to extremely low ds numbers (< 0.0001) and are
not considered to be reliable estimates of actual dn/ds ratios for the lineages. Table 3
shows the dn/ds ratios from MEGA (Tamura et al., 2007) for each lineage, and these are
considered to be conservative values but more indicative of selection pressures on the
gene as a whole. In both tests, Dorsal/rela and toll/tlr4 were the only two genes showing
positive selection.

II. Site Model:
Site models available in PAML (Yang, 2007) were used for detecting positivelyselected codons along a branch. Models B and C (assuming deuterostomes and
protostomes have a different dn/ds value from the other branches, respectively) were used
to determine if any codons were likely to be under positive selection pressures. Table 9
lists the codons identified to be under positive selection for the genes, Dorsal/Rela, Snail,
and Sog/Chordin, identified as possibly undergoing positive selection from the branch
models (See Table 8).
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Gene Trees
Gene trees for all genes included in the analysis support previous hypotheses for
the clades included in the analysis. The supporting trees for genes determined to be
significant, dorsal/rela, Toll/TLR4, dpp/bmp4, snail, and sog/chordin, are shown in
Figures 5, 6 and 7.

Overcoming Biases
DAMBE (Xia, 2000) uses weight matrices designed to take into account
nucleotide and amino acid frequencies to overcome the GC richness of coding genes.
Scatter plots and regression analyses were also used to compare the dn/ds ratios and
Neutrality Index with GC content at the 3rd codon position (Figures 8 and 9). These tests
revealed no relationship between GC content and dn/ds or Neutrality Index.
Genetic hitchhiking or linkage might be expected in the axis-determining genes,
but evidence obtained from NCBI showing the placement of the sixteen genes used in
this analysis for Drosophila, indicates that these genes are scattered over this species’
four chromosomes. This was also noted for the other species.
Linkage disequilibrium scores (Zns), representing an overall genetic association
between polymorphic sites not necessarily on the same chromosome (Kelly, 1997) were
obtained for each gene. Scatter plots and regression analyses (Figures 10 and 11) reveal
no significant relationships.
Long-branch attraction was avoided by incorporating more slowly evolving taxa
such as Cnidarians and slower-evolving protostomes (Delsuc et al., 2006; Bergsten,
2005). Also, DAMBE (Xia, 2000) and PAML (Yang, 2007) incorporate
20

differential rates of substitution among lineages in order to overcome this problem.
Sequence alignments were also reviewed in the context of the most widely accepted
evolutionary history of the groups.
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CHAPTER IV
DISCUSSION
Our understanding of the evolutionary history and phylogeny of the Metazoans
has undergone immense changes since the advent of molecular data analysis. While the
phylogeny of decades ago divided the Bilaterians based upon coelom type, a new
phylogeny divides the Bilaterians based upon embryological characters, such as the fate
of the blastopore. Anterior-posterior axis formation is directly related to the fate of the
blastopore, since the blastopore either becomes the mouth or the anus of the animal.
Because many experiments have found dorsoventral axis-forming genes as well as
anterior-posterior axis-forming genes in the Cnidarians along their oral-aboral or their
directive axis, many scientists have concluded that the dorsoventral axis of Bilaterians
evolved from co-option of new genetic cues or by the splitting of one axis into two
(Matus et al., 2006a, Matus et al., 2006b, Rentzsch et al., 2006, Rentzsch et al., 2007).
These two pathways are also tightly related since some genes, such as gurken and egfr,
function in the development of both axes (Roth, 2003). Therefore, it is well noted that
axis formation was a mechanism established before the rise of the Bilaterians. Although
a new phylogeny suggests that the bi-radial Ctenophores are ancestral to other metazoans,
including Porifera and Cnidaria, a great deal more sequence availability of a wider
variety of species needs to be analyzed to confirm this hypothesis (Dunn, et al., 2008).
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From the comparison of linkage disequilibrium statistics (Zns) with the dn/ds
ratios and Neutrality Indices, it is unlikely that genetic hitchhiking or selective sweeps
took place among the axis-patterning genes. It was also noted that the genes analyzed
were scattered over different chromosomes; for instance, for Drosophila, the genes
analyzed were located over four different chromosomes (2L, 2R, 3L and 3R). Therefore,
there is little likelihood of genetic linkage. Likewise, the comparison of GC content with
dn/ds ratios and Neutrality Indices also shows that the weight matrices used in DAMBE
and PAML overcome any inherent GC richness of coding genes.
Nonsynonymous substitutions represent mutations in codons of genes which
change the amino acid produced, while synonymous substitutions, usually occurring at
the 2nd or 3rd codon position, do not give rise to a different amino acid. The ratio of these
two numbers can give an overview of whether natural selection is taking place, since
synonymous changes are generally considered impervious to natural selection.
A comparison of dn/ds ratios reveals that few of the genes in this study would be
considered strictly neutral even from this very conservative test. Alternatively, the
McDonald-Kreitman test implies adaptive fixation in all but one gene group analyzed.
Fixed differences that do not affect amino acid sequence over a long evolutionary history
are less likely to be maintained. Since the group of species included in this study
includes a long and varied evolutionary history with a high probability of multiple
nucleotide substitutions, dissimilar sequences resulting from divergence are likely to
decrease the number of fixed synonymous differences and increase the polymorphic
synonymous differences between species, thereby reducing the Neutrality Index. To
answer the question of where and how divergence between protostomes and
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deuterostomes may have occurred, it is necessary to evaluate more thoroughly the
branches of the three lineages under consideration to determine if they have experienced
different selection pressures.
The comparison of PAML’s branch models (A through E) demonstrates that five
of the sixteen genes analyzed show different dn/ds ratios among the three branches
(Cnidarians, protostomes and deuterostomes), indicating perhaps differing selection
pressures among the different lineages. Therefore, it is clear that the different branches
are undergoing different selection pressures for those genes. In particular, dorsal/rela
was extremely significant and was also significantly undergoing positive selection using
the conservative dn/ds ratio from MEGA.
Furthermore, the site model test reveals that, although the overall dn/ds ratio for
each lineage may be less than one, some sites (codons) are under positive selection. The
codons under selection are simply swamped by codons under negative or purifying
selection. For instance, dorsal/rela has 21 codons under positive selection at 95%
confidence intervals, but there are a total of 900 codons in the aligned sequences for that
gene. Combining all codons identified as being significantly under positive selection for
this gene, only 2.3% of the codons are under selection. What this information does not
show is that all 900 codons for dorsal/rela have at least a 60% chance of being under
positive selection. Although those codons with less than a 95% chance of being under
positive selection are not considered significant, some importance must be given to the
sequences as a whole. Also, experiments evaluating the three-dimensional nature of

24

dorsal/rela proteins may reveal how specific codons contributed to the divergence of
protostomes and deuterostomes and perhaps the divergence of animals from their
ancestor.
Regardless of how many codons within a gene may be under positive selection,
the variety of dn/ds ratios for the protostome and deuterostome lineages reveal that they
are obviously under different selective pressures and are, for the most part, not neutral.
What is interesting to note is that the genes identifying these differing ratios are from
early maternal genes (egfr), late maternal genes (dorsal/rela) and zygotic genes
(dpp/bmp4, snail and sog/chordin). Of these, egfr and dpp/bmp4 are under negative or
purifying selection. It is important to note that egfr is also involved in late gastrulation
patterning (zygotically) as well, regulating ventral epidermis and ventral neurogenic areas
(Davidson, 2006), which may help explain why egfr is undergoing purifying selection
pressures. Any further mutation may be lethal to the organism and would, therefore, not
be selected for.
Taking into account all of the analyses performed, it is apparent that a divergence
between protostomes and deuterostomes took place with the divergence of the maternal
genes, dorsal/rela, which is the last of the genes in the maternal pathway and initiates the
zygotic pathway for dorsoventral patterning. Also, for those genes showing significant
differences between the dn/ds ratios for each lineage, branch tests show that even while
constraining the other Bilaterian branch to be equal to the Cnidarian branch, the branch in
question still shows significant positive selection with ω > 1 for this and two other genes
(snail, and sog/chordin) and negative selection, ω < 1, for two genes (egfr and
dpp/bmp4).
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Because the dorsoventral axis-determining genes are also found in Cnidarians,
and perhaps Ctenophorans and Poriferans, it is likely that a change in the upstream
regulatory modules (either a gain or loss) or the co-option of genes that already existed
in the Eumetazoan ancestor caused the formation of a secondary dorsoventral body axis.
Due to the preliminary evidence that dorsoventral patterning genes or their precursors are
found in Ctenophorans and Poriferans as sister to the dorsoventral patterning genes of
Bilateria, it is also likely that dorsoventral patterning gene precursors were present prior
to the divergence of Metazoans and may have played an integral role in the divergence of
animals from their ancestors.
This most immediate maternal gene also apparently influenced the downstream
zygotic genes snail and sog/chordin. All three of these genes function in ventralizing the
protostomes and dorsalizing the deuterostomes. The co-option of these particular genes
into a new regulatory pathway could have caused the adaptation of a diffusely organized
ancestor into the ventralized and dorsalized organisms known as Bilaterians.
As stated earlier, the only definitive experimentally derived genetic regulatory
network has been confirmed for Drosophila melanogaster, a protostome. More
experimental data and sequencing efforts should be made for other protostomes, such as
Annelida and Mollusca, and deuterostomes other than vertebrates, such as Urochordata
and Cephalochordata. Because the different branches of each clade have varied
embryological characteristics, a broader sampling would enable a more detailed analysis
of the divergence at the protostome-deuterostome divide. A wider array of Cnidarians,
poriferans and ctenophorans would also enable a more complete study of the Metazoans,
specifically between radial, biradial and bilateral symmetry. A search for axis-patterning
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genes in lower animals and even spherical protozoans could aid in determining the
evolutionary relationship among axis-patterning genes.
Because this study shows that molecular divergence of dorsal and rela occurred
as protostomes and deuterostomes diverged, future work should also incorporate
experimental studies such as those Holley et al. (1995) performed with sog/chordin and
dpp/bmp4, in which cross injections were performed on protostomes and deuterostomes.
Such experiments could definitively confirm positive selection at this point in the genetic
regulatory network for dorsoventral axis patterning. Few experiments have been
performed to determine the function of dorsoventral patterning genes in Cnidarians,
although it has been proposed that these genes may function along the directive axis of
these radial animals. Further research needs to be performed regarding the function of
axis-patterning genes in Cnidarians as well as Ctenophorans. The function of axispatterning genes in the asymmetric Poriferans would be especially helpful in determining
the evolution of these axis-patterning genes.
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Table 1
The homologous dorsoventral axis signaling genes analyzed.
Protostomes Deuterostomes Cnidarians
pou domain
pou
pou
grk
grk6
grk
egfr
egfr
egfr
pipe
Hs2st1
pipe
serpin 27
serpin
Serpin
Toll
Tlr4
Toll/tlr4
Myd88
Myd88
Myd88
Cactus
Nfkbia
Cactus/nfkbia
dorsal
relA
dorsal/rel
Gsc**
Gsc**
Gsc**
Dpp**
bmp4**
dpp/bmp4
Sog**
Chordin**
sog/chordin
Snail**
Snail**
snail
Most genes are maternal; zygotic genes are denoted by **. Protostome genes are listed in
the order they are active in the genetic regulatory network of Drosophila (See Davidson
and Erwin, 2006).
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Table 2
List of Genes obtained from Genbank, EMBL and Flybase

bicoid

brachyury

cactusnfkbia

dorsalrela

dpp-bmp4

egfr

forkheadfoxp1

grkgrk6

156370283

122058622

156406519

156402336

21449272

156398888

42374840

156364888

47271405

19743811

45552396

47776249

865154271

246570104

16716508

24582844

119672919

118130357

34335067-70

157282

83318938

404557751

77627728

157136637

125817715

45384399

117276620

24584823

1698640

89243301

67514579

91076931

149437424

125832508

157108524

118780480

1698633

157105491

60498985

71986299

114614985

74096280

170037071

112982789

1698638

118785875

55163181

57896036

122692586

17647222

6754839

157116696

78183151-2

41327737

89001092

125848674

24585987

158300750

126723284

86515359

1698636

10880775

24645475

163310711

170029442

86515407

58402647

56131597

57124685

37499088

125775935

148223680

157167227

157167777

47085968

46430498

54262123

158261995

157123377

118097364

91090381

170051096

10092618

118130517

164451749

37921087

170046711

gsc

myd88

pipe

45384099

472929

91092641

49227601

157276596

158288660

47575733

409354

148224386

64589

pou

serpin

snail

sogchordin

toll-tlr4

6503071

156402336

156384738

156401032

156353947

38569876

108756760

1177382

77683183

14209818

CAA41342*

24582286

24497625

18858412

88758616

115646672

110618126

66555969

156546802

6691166

42476308

2826738

169264955

110757323

94721345

125977817

125982864

83595250

118086945

30089979

57163760

156549944

56118597

157112627

157110243

156071455

125853913

160333391

118130391

91090853

185133065

147901206

41946874

142349975

147904552

148226754

71897340

29171761

71896605

12545388

110347448

118086484

24584438

DQ6445391*

125832890

45384495

24652073

45383200-

156938249

114673494

125984501

90659977

24650398

6754075

18030013

37590703

115930550

157118518

115943076

34335118

109479908

110755123

170172559

148226808

158296850

BAE87098*

170045065

77682033

170067790

1.224E+09

AY742797*

145199448

0073879**

31200498

18858778

158292883

AY742797*

157113786

118197966

157110636

91076577

110431375

85687485

All genes were retrieved from Genbank (gi numbers) unless noted by *(EMBL) or
**(Flybase).
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Table 3
Dn/Ds ratios

Gene
bicoid
brachyury
forkhead
pou
gurken
egfr
pipe/hs2st
serpin
toll/tlr4
myd88
cactus/nfkbia
dorsal/rela
dpp/bmp4
snail
sog/chordin
goosecoid

Sample
Size
11
11
13
11
10
11
12
8
13
13
11
15
15
11
13
12

All: Cnidarians
and Bilaterians
0.368***
0.271***
0.332***
0.082***
1.24
0.714
0.914
0.789
1.085
0.513
1.126
1.047***
0.437***
0.399***
0.686***
0.226***

Bilaterians: Protostomes
and Deuterostomes
0.382***
0.268***
0.085***
0.246***
1.11
0.5415***
0.624***
0.51***
1.102***
0.687***
1.01
0.411***
0.288***
0.395***
0.3526***
0.284***

protostomes
0.329***
0.185***
0.073***
0.195***
1.62
0.604
0.319***
0.207
0.836
0.723
1.326
0.402***
0.418***
0.704***
0.674***
0.236***

deuterostomes
0.311***
0.291***
0.107***
0.2065***
NS
0.241***
0.069***
0.483***
0.5504***
0.317***
0.395***
0.336***
0.141***
0.123***
0.482***
0.0925***

***Dn/ds ratios are significant at the 0.0001 level based on p-values of Z-statistics as
performed by MEGA. Dn/ds is calculated for all sequences in the column titled
Cnidarians and Bilaterians, and dn/ds is calculated for protostomes and deuterostomes
combined in that column. See Figure 7 for combinations of branches. For all Tables,
anterior-posterior genes are listed first, followed by dorsoventral genes listed in order of
activation.
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Table 4
Neutrality Index and Fisher’s Exact Test for Protostomes vs. Deuterostomes

Gene
bicoid
brachyury
forkhead
pou
gurken
egfr
pipe/hs2st
serpin
toll/tlr4
myd88
cactus/nfkbia
dorsal/rela
dpp/bmp4
snail
sog/chordin
goosecoid

Fisher's
Exact
(p-value)
0.0002000
0.0000001***
0.0000001***
0.0000001***
0.0808000
0.0000001***
0.0000001***
0.0000001***
0.0001410
0.0000001***
0.0002200
0.0000001***
0.0000001***
0.000042***
0.000067***
0.00001***

NI
0.129
0.015
0.025
0.025
0.000
0.329
0.052
0.404
0.246
0.021
0.197
0.020
0.054
0.114
0.071
0.009

Most neutrality indices were considered significant (***) with the exception of gurken,
for which there were zero fixed synonymous differences between species. Bicoid,
toll/tlr4 and cactus/nfkbia were also insignificant. The Goodness of Fit tests for all genes
were also considered significant (p < 0.0001) with the exception of gurken for which the
test could not be performed due to zero fixed synonymous differences between species.
(*** p < 0.0001)
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Table 5
Neutrality Index and Fisher’s Exact Test for Bilaterians vs. Cnidarians

Gene
bicoid
brachyury
forkhead/foxp1
pou
gurken
egfr
pipe/hs2st
serpin
toll/tlr4
myd88
cactus/nfkbia
dorsal/rela
dpp/bmp4
snail
sog/chordin
goosecoid

NI
0.073
0.086
0.011
0.024
NA
0.137
0.053
0.164
0.091
0.132
0.174
0.016
0.194
0.078
0.007
0.045

Fisher's
Exact
(p-value)
0.000097***
0.0011120
0.0000001***
0.0000001***
NS
0.0000001***
0.0000001***
0.0000001***
0.0002900
0.0000001***
0.0008300
0.0000001***
0.0001380
0.0005500
0.0000001***
0.000024***

Most neutrality Indices were considered significant with the exception of gurken, for
which there were zero fixed and polymorphic synonymous and nonsynonymous
differences between species. Brachyury, toll/tlr4, dpp/bmp4, and snail were also found to
be insignificant. The Goodness of Fit tests for all genes were also considered significant
(p < 0.0001) with the exception of gurken for which the test could not be performed due
to all zeros in the McDonald-Kreitman table. (*** p < 0 .0001)
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Table 6
Models used in PAML

A

one ratio

ωC = ωp= ωd

B

two ratios

ωC = ωp , ωd

C

two ratios

ωC = ωd, ωp

D

two ratios

ω C, ω p = ω d

E

three ratios

ω C, ω p , ω d

Models A through E are used to determine if the foreground branch(es) is(are) different
from the background branch. The null model of A, where every branch has an equal
dn/ds ratio was compared to each of the other models. ωC represents the dn/ds ratio of the
background branch (Cnidarian), ωp represents the protostome branch and ωd represents the
deuterostome branch. When one branch is set as the foreground branch, all other
branches are considered background and are equal (also, see Figure 10).
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Table 7
LRTs of PAML Model Comparison Results
gene
bicoid
brachyury
forkhead/foxp1
pou
gurken
egfr
pipe/h2s2
serpin
toll/tlr4
myd88
cactus/nfkbia
dorsal/rela
dpp/bmp4
snail
sog/chordin
goosecoid

A vs B
3.540
3.840
0.360
0.360
3.740
8.58**
2.300
2.240
2.040
2.620
0.630
196.26**
2.660
4.688*
2.080
1.700

A vs C
0.660
3.440
0.380
0.120
0.000
11.02**
0.360
0.990
4.40*
0.260
0.510
157.14**
3.020
0.320
3.720
0.020

A vs D
3.320
3.180
0.000
3.720
3.740
12.52**
2.380
2.160
4.70*
2.320
2.800
156.24**
6.14*
6.36*
7.12*
0.020

A vs E
3.800
3.440
0.360
3.720
0.000
12.56**
2.100
2.320
4.700
0.460
2.790
156.24**
6.26*
6.36*
7.12*
0.540

Comparing Model A (one ratio) with Models B through E log likelihood scores
determines if the branches are significantly different. LRT (likelihood ratio test) is
computed as 2(the difference in Λ). Significant LRTs using Chi Square with degrees of
freedom of 2 for Models A vs E (three ratios) are X22,0.05 = 5.991* and X22,0.025 =
7.378**. Significant LRTs using Chi Square with degrees of freedom of 1 for Models A
vs B,C and D (two ratio models) are X22,0.05 = 3.841* and X22,0.005 = 7.879**. (See
Figure 11 for explanation of Models).
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Table 8
Comparison of PAML dn/ds ratios from Models B-E
Gene

Models

egfr

B**
C**
D**
E**
B**
C**
D**
E**
B
C
D**
E**
B**
C
D**
E**
B
C
D**
E**

dorsa/rela

dpp/bmp4

snail

sog/chordin

ωC
0.059
0.059
0.059
0.059
0.103
0.105
0.103
0.103
0.009
0.089
0.090
0.090
0.088
0.090
0.088
0.088
0.088
0.088
0.088
0.088

ωp

ωd

0.059
0.004
0.003
0.004
0.103
999.000
14.360
4.120
0.009
0.001
0.002
0.001
0.088
999.000
999.000
999.000
0.088
999.000
999.000
999.000

0.005
0.059
0.003
0.003
999.000
0.105
14.360
29.620
0.002
0.089
0.002
0.002
999.000
0.090
999.000
999.000
999.000
0.090
999.000
999.000

The dn/ds ratios are from Models B-E. **Models with significant LRTs. (See Table 7 for
significance levels and Figure 11 for explanation of Models.)
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Table 9
Positively-selected Codons using PAML
Gene
Dorsal
Snail
Sog

Protostome Codons (Model
C)

Deuterostome Codons
(Model B)
81 783 98 102 106 126 129
158 168 194 204 209 245
265 267 286 314 319 452
421

98 129 159 194 271 286 452
none
72 106 121 303 320 331 359
411 460 524 525 539 541 563
609 612 613 629 639 654 710
768 776 792 805 866 870 983
995 1012 1016 1073

none

Codons listed are for those genes with significant LRTs and showing positively selected
dn/ds values under PAML. All codons listed are at 95% confidence interval, with
codons in bold at 99% confidence interval.
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APPENDIX B
FIGURES
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Figure 1. New Phylogeny of the Metazoa.
This phylogeny shows several new hypotheses of character evolution with regard
to bilateral symmetry, central nervous system, segmentation, and steroid receptors. PDA
= last common protostome-deuterostome ancestor; CNS = central nervous system. Filled
bars indicate the origin of a character, while open bars in the same color indicate loss of
that character. Open gray bars show data for the assumed loss of steroid receptors
missing. (adapted and reprinted with permission from Sanetra et al., 2005).
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Regulation

Duplication

Divergence

Figure 2. Mechanisms of Gene Divergence.
Gene duplication can create identical copies of a gene’s coding sequence and its
cis-regulatory regions (circle, square, inverted triangle). These regions can then
structurally and functionally diverge over time in different ways. Changes may
accumulate (patterns) in the coding regions that may affect protein function. Also, some
gene enhancers may be lost over time (square and inverted triangle) or new enhancers
may evolve (triangle) or be co-opted. In these ways shared expression domains retain a
portion of the ancestral expression patterns but continue to evolve over time (adapted
from Carroll et al., 2001).
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toll
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Dorsal: dpp

dorsal

dorsal

Ventral: sog, snail

Figure 3. Protostome genetic regulatory network.
The Transforming Growth Factor (TGFά) ligand Gurken is secreted by the ovary,
forming a gradient of egfr. This gradient induces the dorsoventral polarity of the egg and
embryo. The transcription of the maternal pipe gene in the ventral follicle cells cues a
cascade of proteases in the cytoplasm between the perivitelline membrane and the plasma
membrane. The serpin27 complex cues the TOLL receptors. Toll then recruits a
complex of molecules, including Myd88. Together this Toll complex and cactus allow
DORSAL to be transported into the nuclei of the syncytial embryo as a gradient on the
ventral side. High levels of DORSAL activate the ventralizing zygotic genes, sog and
snail. The absence of Dorsal in the embryo, while still bound to cactus in the cytoplasm,
activates the dorsalizing zygotic gene dpp.
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gurken

egfr

HS2S

Serpin27

TLR4

Dorsal: chordin, snail

Myd88
BMP

BMP

rela
NF-kBI

Ventral: bmp4

Figure 4. Deuterostome Dorsoventral Regulatory Genes.
Gurken, egfr and HS2S (Heparin sulfate-2-sulfotransferase) maternally regulates
the expression of TLR4 in the plasma membrane. Along with Myd88, the complex
allows for transport of NF-kB or RELA protein to the nucleus. The BMP gradient that
forms on the ventral side of the zygote sets the stage for ventral expression of BMP4 and
dorsal expression of chordin and snail.
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(a)

(b)

Figure 5. Gene Trees for (a) Snail and (b) Dpp/BMP4.
Gene trees were obtained from DAMBE using Maximum Parsimony with support
for clades assessed by 1000 bootstrap replicates. Values at nodes indicate bootstrap
support.

47

(a)

(b)

Figure 6. Gene Trees for (a) Dorsal/Rela and (b) Toll/TLR4.
Gene trees were obtained from DAMBE using Maximum Parsimony with support
for clades assessed by 1000 bootstrap replicates. Values at nodes indicate bootstrap
support.
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Figure 7. Gene Tree for Sog/Chordin.
Gene tree was obtained from DAMBE using Maximum Parsimony with support
for clades assessed by 1000 bootstrap replicates. Values at nodes indicate bootstrap
support
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Figure 8. GC content at the 3rd codon position and the Neutrality Index for Protostomes
and Deuterostomes.
Note: Regression analysis revealed a non-significant relationship at p = 0.01 (df = 14 and
r = 0.298).
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Figure 9. GC content at the 3rd codon position and the Dn/ds ratio for Protostomes and
Deuterostomes.
Note: Regression analysis revealed a non-significant relationship at p = 0.01 (df = 14
and r = 0.094).
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Figure 10. Zns (linkage disequilibrium) and Neutrality Index for Protostomes and
Deuterostomes.
Note: Regression analysis revealed a non-significant relationship at p = 0.01 (df = 14
and r = 0.516).
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Figure 11. Zns (linkage disequilibrium) and Dn/ds ratios for Protostomes and
Deuterostomes.
Note: Regression analysis revealed a non-significant relationship at p = 0.01 (df = 14 and
r = 0.182).
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Figure 12. Dn/ds ratios from Mega and Neutrality Index.
Note: Regression analysis revealed a non-significant relationship at p = 0.01 (df = 14 and
r = 0.295).

.
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Figure 13. Branches of Metazoans tested.
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Figure 14. Branch models used in PAML.
Model B assumes that deuterostomes have a different dn/ds ratio from the
background (Cnidarians and protostomes); Model C assumes that protostomes have a
different dn/ds ratio from the background (Cnidarians and deuterostomes); Model D
assumes that Cnidarians have a different dn/ds ratio from the background (protostomes
and deuterostomes); Model E assumes that each of the three branches have different
dn/ds ratios. (See Table 7 for comparison of Model A, assuming one ratio for all
branches, with each of these models)
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